Introduction {#Sec1}
============

Fractionalisation is one of the most fascinating phenomena in modern condensed matter physics. In the context of spin systems, a paradigmatic example of fractionalisation occurs for the one-dimensional (1D) magnet formed from half-integer spin magnetic ions coupled by isotropic antiferromagnetic interactions. In this system, the spins cannot order at any temperature *T* \> 0 K, and they exhibit exotic excitation spectra. Even though the spin operators in the Hamiltonian can only flip the spins by an integer unit of Planck's constant, the actual excitations carry spin $\documentclass[12pt]{minimal}
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                \begin{document}$$S = \frac{1}{2}$$\end{document}$ and are called spinons. Since any experimental technique can only change the angular momentum by an integer unit, spinons cannot be created singly but only in multiple pairs, leading to the characteristic multi-particle excitation continua observed in neutron scattering experiments^[@CR1]--[@CR3]^. The concept of fractionalisation and spinons can be extended to two and higher dimensions. In this case, spinons occur as excitations of quantum spin liquids - which have no static magnetism even at *T* = 0 K, i.e. they require an environment of strong quantum fluctuations as realised by magnets with small spin magnitudes and frustrated interactions^[@CR4]^. Examples of two-dimensional (2D) quantum spin-liquid candidates are the kagome materials Herbertsmithite (ZnCu~3~(OH)~6~Cl~2~)^[@CR5]^ and Ca~10~Cr~7~O~28~^[@CR6],[@CR7]^ where the $\documentclass[12pt]{minimal}
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                \begin{document}$$S = \frac{1}{2}$$\end{document}$ moments form a highly frustrated network of corner-sharing triangles and the excitations form broad, diffuse and dispersionless ring-like features suggestive of multi-spinon continua. This behaviour is in stark contrast to the spin-wave excitations characterised by spin *S* = 1 which are observed as sharp modes in magnets with conventional static magnetic order.

Fractionalisation can also be achieved in three-dimensional (3D) spin systems. The pyrochlore lattice which consists of a three-dimensional network of corner-sharing tetrahedra can support a number of spin liquid states^[@CR8]--[@CR13]^. The most famous of these is the spin ice state which arises from the combination of strong local Ising anisotropy and ferromagnetic interactions as found for Dy~2~Ti~2~O~7~ and Ho~2~Ti~2~O~7~^[@CR14],[@CR15]^. Spin ice is in fact a classical spin liquid characterised by a macroscopic ground state degeneracy and fractional monopole excitations. It is worth emphasising that classical spin liquids are distinctly different from quantum spin liquids and only exist for large local moments and/or very strong local anisotropies. In the case of spin ice, a reduction in the strength of the anisotropy induces quantum tunnelling between these classically degenerate states. This lifts the degeneracy giving rise to quantum spin ice where the spins are no longer static but fluctuate coherently in the ground state^[@CR16],[@CR17]^. In contrast to the advanced exploration of the pyrochlore spin liquids, current understanding of 3D networks of corner-sharing triangles as exemplified by the hyperkagome lattice is much less developed, although they are also expected to support spin liquid behaviour in the presence of isotropic antiferromagnetic interactions^[@CR18]--[@CR20]^. There are two physical realisations of the hyperkagome lattice, Gd~3~Ga~5~O~12~ which has large ($\documentclass[12pt]{minimal}
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                \begin{document}$$S = \frac{7}{2}$$\end{document}$) magnetic ions and is proximate to a classical spin liquid^[@CR21],[@CR22]^, while Na~4~Ir~3~O~8~ has quantum ($\documentclass[12pt]{minimal}
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                \begin{document}$$S = \frac{1}{2}$$\end{document}$) ions and is proximate to a quantum spin liquid^[@CR23]^.

PbCuTe~2~O~6~ is a three-dimensional magnet consisting of $\documentclass[12pt]{minimal}
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                \begin{document}$$S = \frac{1}{2}$$\end{document}$ Cu^2+^ magnetic moments coupled by isotropic antiferromagnetic interactions into a three-dimensional network of corner-sharing triangles. Synthesis and measurements of powder samples of this compound have been previously reported^[@CR24],[@CR25]^. DC magnetic susceptibility yields a Curie-Weiss temperature of *θ*~CW~ = −22 K revealing predominantly antiferromagnetic exchange interactions^[@CR24]^. Although heat capacity data on a powder show broad features at temperatures around *T* \~ 1 K^[@CR24]^, they do not reveal a sharp *λ*-type anomaly and there is no phase transition to long-range magnetic order. Muon spin relaxation measurements also confirm the absence of any static magnetism down to 0.02 K^[@CR25]^. They do however, reveal enhanced magnetic correlations at low temperatures which onset below *T* \< 1 K implying the presence of persistent spin dynamics in the ground state as is expected of a quantum spin liquid.

In the following, we provide strong experimental and theoretical indications for the quantum spin liquid state in PbCuTe~2~O~6~. We perform neutron diffraction and inelastic neutron scattering measurements and show that the absence of long-range magnetic order in the powder sample of this compound is accompanied by diffuse spheres of dispersionless inelastic scattering consistent with a multi-particle continuum of spinons. We also determine the exchange interactions using density functional theory and establish that a three-dimensional frustrated motif called the hyper-hyperkagome is responsible for this behaviour. Finally, we reproduce the observed ground state and dynamics using pseudo-fermion functional renormalisation group calculations and show that this Hamiltonian generates the behaviours associated with a quantum spin liquid. The strength of our work lies at the excellent agreement between the experiment and theory that has not been observed until now for quantum spin liquids arising in such complex three-dimensional systems.

Results {#Sec2}
=======

Magnetic interactions in PbCuTe~2~O~6~ {#Sec3}
--------------------------------------

The positions of the magnetic Cu^2+^ ions in PbCuTe~2~O~6~ are shown in Fig. [1a](#Fig1){ref-type="fig"} where the green and red bonds represent the 1st and 2nd nearest-neighbour interactions *J*~1~ and *J*~2~, respectively. All Cu^2+^ ions are crystallographically equivalent. On its own, *J*~1~ couples the Cu^2+^ moments into isolated triangles, while *J*~2~ forms a three-dimensional network of corner-sharing triangles known as the hyperkagome lattice. Further neighbour interactions are also shown in Fig. [1b](#Fig1){ref-type="fig"} where the 3rd neighbour interaction *J*~3~ forms isolated chains running parallel to the crystalline **a**, **b**, **c** axes and the 4th neighbour interaction *J*~4~ is responsible for chains parallel to the body diagonals. The complete Hamiltonian is$$\documentclass[12pt]{minimal}
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                \begin{document}$${\cal{H}} = \mathop {\sum}\limits_{k = 1,2,3,4(i < j)} {J_k} {\mathbf{S}}_i \cdot {\mathbf{S}}_j,$$\end{document}$$where the interactions are assumed to be spin-isotropic, thus allowing the spins to point in any direction. This is justified because, as a light transition metal ion with only one hole in the 3*d* shell, the orbital moment of Cu^2+^ is quenched by the strong square-planar crystal field due to the surrounding O^2−^ ions. DC susceptibility confirms that the interactions are spin-isotropic, since it is almost independent of the direction of the applied magnetic field (Supplementary Note [1](#MOESM1){ref-type="media"}).Fig. 1The magnetic interactions and Hamiltonian of PbCuTe~2~O~6~.**a** The magnetic structure drawn from the crystallographically equivalent magnetic $\documentclass[12pt]{minimal}
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                \begin{document}$$S = \frac{1}{2}$$\end{document}$ Cu^2+^ ions considering only the 1st and 2nd nearest-neighbour interactions *J*~1~ and *J*~2~ respectively. *J*~1~ forms isolated equilateral triangles whereas *J*~2~ leads to a three-dimensional network of corner-sharing triangles also known as the hyperkagome lattice. Here, the triangles on the outer Cu^2+^ ions are dropped for simplicity. The 3rd and 4th neighbour couplings *J*~3~ and *J*~4~, respectively, are also included in **b** and couple the Cu^2+^ ions into chains. The chains formed by *J*~3~ run parallel to the cubic **a**--**c** axes while the chains due to *J*~4~ follow the body diagonals. PbCuTe~2~O~6~ crystallises in cubic symmetry with space group P4~1~32 and the Cu^2+^ ions occupy a single Wyckoff site^[@CR26]^. The graph in **c** shows the strengths of the four nearest-neighbour interactions as a function of Cu^2+^ onsite interaction *U* calculated by density functional theory (coloured symbols, left hand axis). These calculations were performed with the full potential local orbital (FPLO) basis set^[@CR31]^, and the generalised gradient approximation functional^[@CR42]^; the coupling constants were then determined by fitting to the Hamiltonian in Eq. ([1](#Equ1){ref-type=""}). The error bars indicate statistical errors of the fit. The Curie-Weiss temperature was calculated for each set of exchange constants using $\documentclass[12pt]{minimal}
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                \begin{document}$$J_k^{{\mathrm{th}}}$$\end{document}$ interaction (black stars, right hand axis). All the interactions are antiferromagnetic and they have the ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$J_1:J_2:J_3:J_4 \approx 1:1:0.5:0.1$$\end{document}$. *J*~1~ and *J*~2~ are approximately equal, and much stronger than *J*~3~ and *J*~4~. Together, *J*~1~ and *J*~2~ result in the hyper-hyperkagome lattice where each magnetic ion participates in three corner-sharing triangles forming closed loops of 4 spins and 6 spins (compared to two triangles and 10-spin loops in the hyperkagome lattice).

The ground state {#Sec4}
----------------

In agreement with previous specific heat^[@CR24]^ and muon spin relaxation^[@CR25]^ (Supplementary Note [2](#MOESM1){ref-type="media"}) measurements we did not find any evidence for long-range magnetic order or static magnetism in powder samples of PbCuTe~2~O~6~ down to 20 mK. We also performed neutron diffraction which directly measures the spatial Fourier transform of the spin--spin correlation function and would show resolution-limited magnetic Bragg peaks in the case of long-range magnetic order. Figure [2a](#Fig2){ref-type="fig"} shows the neutron powder diffraction patterns of PbCuTe~2~O~6~ measured at temperatures *T* = 2 K and 0.1 K above and below *T* \~ 1 K respectively where features are observed in the specific heat and muon spin relaxation. Both patterns can be described entirely by considering only the known crystal structure of PbCuTe~2~O~6~^[@CR26]^. The absence of any additional Bragg peaks that could correspond to long-range magnetic order is further revealed by taking the difference between the diffraction patterns at these two temperatures as shown by the lower green curve. To establish an upper limit on the maximum size of any possible static ordered moment, several magnetic structures were simulated and compared to the data. Figure [2b](#Fig2){ref-type="fig"} shows a modelled magnetic Bragg peak compatible with the magnetic structure of the iso-structural compound SrCuTe~2~O~6~ for different sizes of the ordered moment. The ordered moment if present must be smaller than ≈0.05 *μ*~*B*~/Cu^2+^ which is much less than the total spin moment of the Cu^2+^ ion of 1 *μ*~*B*~ indicating that static magnetism is suppressed. It should be mentioned that single crystals of PbCuTe~2~O~6~ do show signs of a phase transition in their specific heat at temperature *T* \~ 1 K whose origin is not yet understood. It is, however, well known that these single crystals suffer from impurities with 5--10% of the chemical composition being Pb~2~Te~3~O~8~ (Supplementary Note [3](#MOESM1){ref-type="media"}). This is in contrast to the higher quality powder samples which do not show evidence of any transition around 1 K, hence, supporting the view that the low temperature transition in single crystals results from disorder and strain effects. While this transition could, in principle, mark the onset of magnetic order, our analysis (Supplementary Note [4](#MOESM1){ref-type="media"}) at least rules out the most obvious types of order which prompts us to speculate that the transition is of structural type. In this work, however, we will not focus on possible effects of impurities but rather discuss the physics of the cleaner powder samples and single crystals above the temperature/energy scale of 1 K.Fig. 2Powder neutron diffraction patterns of PbCuTe~2~O~6~.**a** Measured at 0.1 K and 2 K using the WISH high-flux diffractometer and plotted as a function of d-spacing. Both patterns are refined in the established cubic space group, *P*4~1~32^[@CR26]^ where the lattice constant at 0.1 K is 12.4454(3) Å. The difference between the patterns at these two temperatures is plotted below in green and clearly shows that no magnetic Bragg peaks appear at the base temperature. **b** Assuming a magnetic structure compatible with the long-range magnetic order found in SrCuTe~2~O~6~, a magnetic Bragg peak is estimated at the (1, 0, 0) reflection (12.4454 Å in d-spacing). The expected Bragg peak amplitude is shown for different values of ordered moment per Cu^2+^ ion by the curves. Clearly, if present, the maximum ordered moment can be no greater than 0.05 *μ*~*B*~.

Diffuse continuum of excitations {#Sec5}
--------------------------------

To explore the magnetic excitations of PbCuTe~2~O~6~, we performed inelastic neutron scattering. This technique directly measures the dynamical structure factor S(**Q**, *E*), which is the Fourier transform in space and time of the spin--spin correlation function and allows the magnetic excitation spectrum to be mapped out as a function of energy *E* and momentum (or wavevector) transfer **Q**. Figure [3a](#Fig3){ref-type="fig"} shows the excitation spectrum of a powder sample measured at *T* = 0.1 K. A dispersionless, broad diffuse band of magnetic signal is clearly visible around momentum transfer \|**Q**\| ≈ 0.8 Å^−1^. The magnetic excitations extend up to 3 meV and are much broader than the instrumental resolution. Figure [3c](#Fig3){ref-type="fig"} shows the magnetic signal at \|**Q**\| ≈ 0.8 Å^−1^ plotted as a function of energy. The intensity is greatest at *E* = 0.5 meV and weakens gradually with increasing energy. The intensity also decreases rapidly with decreasing energy and the presence of an energy gap smaller than 0.15 meV is possible, but cannot be confirmed within the experimental uncertainty.Fig. 3Magnetic inelastic neutron scattering data of PbCuTe~2~O~6~ measured at temperatures of *T* \< 0.1 K.**a**, **b** Excitation spectra obtained on powder and single crystal using the time-of-flight spectrometer LET, with an incident energy of *E*~*i*~ = 5.6 meV and *E*~*i*~ = 5.4 meV respectively. These plots clearly show the presence of a diffuse, dispersionless continuum of magnetic excitations originating at \|**Q**\| ≈ 0.8 Å^−1^ extending up to *E* ≈ 3 meV. **c** Powder magnetic intensity plotted as a function of energy for data collected on LET with *E*~*i*~ = 5.6 meV (resolution *δE* = 0.18 meV, integration range 0.5 ⩽ \|**Q**\| ⩽ 1.2 Å^−1^), *E*~*i*~ = 2.7 meV (*δE* = 0.08 meV, 0.55 ⩽ \|**Q**\| ⩽ 1.1 Å^−1^) and *E*~*i*~ = 1.6 meV (*δE* = 0.03 meV, 0.56 ⩽ \|**Q**\| ⩽ 1.0 Å^−1^). The background of each dataset has been subtracted and the datasets have been normalised to each other. The shaded area (*E* \< 0.15 meV) indicates the region below which data is unreliable due to subtraction of the incoherent background. The error bars here represent statistical errors. **d** Similiar plot for single crystal data measured on LET with incident energies *E*~*i*~ = 5.4 meV (resolution *δE* = 0.18 meV, integration range 0 ⩽ \[*h*, *h*, 0\] ⩽ 0.6 r.l.u, −2.75 ⩽ \[0, 0, *l*\] ⩽ −0.25 r.l.u), *E*~*i*~ = 2.3 meV (*δE* = 0.06 meV, −1 ⩽ \[*h*, *h*, 0\] ⩽ 1 r.l.u, −1.95 ⩽ \[0, 0, *l*\] ⩽ −0.95 r.l.u) and *E*~*i*~ = 1.3 meV (*δE* = 0.03 meV, 0.95 ⩽ \[*h*, *h*, 0\] ⩽ 2.4 r.l.u, −2.97 ⩽ \[0, 0, *l*\] ⩽ 2.97 r.l.u). **e**--**g** Single crystal spectra measured on the MACS spectrometer in the \[*h*, *k*, 0\]--plane at constant energy transfers of *E* = 0.75 meV, 1.5 meV and 2 meV respectively. Non-magnetic features such as phonons and Bragg peak tails have been removed from the spectrum. The colour map at 0.75 meV reveals a broad, diffuse ring-like feature at \|**Q**\| ≈ 0.8 Å^−1^ whose intensity modulates with maxima at (1.69, ±0.3, 0), and equivalent positions. Similar features are present at higher energies with reduced intensity. The uncertainties in figures **c**, **d** represent s.e.m.

To obtain a more detailed picture, inelastic neutron scattering was performed on a single crystal sample which also shows the continuous magnetic excitations at \|**Q**\| ≈ 0.8 Å^−1^ extending up to 3 meV (see Fig. [3b, d](#Fig3){ref-type="fig"}), in agreement with the powder data. Figure [3e--g](#Fig3){ref-type="fig"} show the momentum-resolved excitations in the \[*h*, *k*, 0\]-plane measured at the constant-energy transfers *E* = 0.75, 1.5 and 2 meV, respectively, while Fig. [4b](#Fig4){ref-type="fig"} gives the scattering at *E* = 0.5 meV. For all energy transfers, the excitations form a diffuse ring at \|**Q**\| ≈ 0.8 Å^−1^, while additional weaker branches of scattering extend outwards to higher wavevectors. At low-energy transfers (*E* \< 1 meV) the diffuse ring has double maxima at wavevectors (1.69, \~±0.3, 0) and (\~±0.3, 1.69, 0), etc. (see Fig. [4h](#Fig4){ref-type="fig"}) while at higher energies it broadens and becomes weaker. The ring can also be observed in the \[*h*, *h*, *l*\]-plane where its intensity also shows a modulation (as shown in Fig. [4a](#Fig4){ref-type="fig"} for *E* = 0.5 meV). Together, these results indicate that the excitations in fact form a diffuse sphere in reciprocal space with a radius of \|**Q**\| ≈ 0.8 Å^−1^. The excitations of PbCuTe~2~O~6~ are clearly very different from the sharp and dispersive spin-wave excitations expected in conventional magnets with long-range magnetically ordered ground states or from the gapped and dispersive magnon excitations of dimer magnets^[@CR27],[@CR28]^. The possibility of a multimagnon continuum can also be excluded since in this case sharp excitations due to single magnons would still be expected at low energies below the continuum which are not observed (Supplementary Note [5](#MOESM1){ref-type="media"}). Additionally, the stoichiometric nature of the compound rules out disorder as the origin of the diffuse inelastic spectrum. The diffuse scattering features observed in PbCuTe~2~O~6~ may indicate a multi-spinon continuum of excitations as has been well documented in one-dimensional antiferromagnets formed from half-integer spin magnetic ions^[@CR1]--[@CR3]^. They have also been observed in several two-dimensional quantum spin liquids where similar diffuse ring-like features have been found^[@CR5],[@CR6]^. In three dimensions, most spin liquid candidates are based on the pyrochlore structure and their scattering forms a distinctive pinch-point pattern^[@CR29]^.Fig. 4The low-energy magnetic excitation spectrum of PbCuTe~2~O~6~ compared to theory.The colour maps in **a**, **b** show the excitations measured at energy transfer *E* = 0.5 meV and temperature *T* \< 0.1 K in the \[*h*, *h*, *l*\]- and \[*h*, *k*, 0\]--planes respectively. The \[*h*, *h*, *l*\]-map was measured using the LET spectrometer with an incident energy of E~*i*~ = 5.46 meV. The data has been integrated over energy transfer 0.4 ⩽ *E* ⩽ 0.6 meV, and out-of-plane wave-vector transfer −0.1 ⩽ \[*h*, −*h*, 0\] ⩽ 0.1 r.l.u. The \[*h*, *k*, 0\] spectrum was measured on the ThALES spectrometer with an energy resolution of 0.097 meV. **c**, **d** Static (real valued) spin susceptibility calculated using the pseudo-fermion functional renormalisation group (PFFRG) method in the quantum limit (*S* = 1/2) for *J*~1~ = 1.13 meV, *J*~2~ = 1.07 meV, *J*~3~ = 0.59 meV and *J*~4~ = 0.12 meV (corresponding to a Curie-Weiss temperature *θ*~CW~ = −23 K). The dashed black lines indicate the positions of strong scattering in the classical *J*~1~ − *J*~2~-only model \[see **e**, **f**\]. **e**, **f** Corresponding classical PFFRG results obtained in the limit of large spin magnitude for a model with only *J*~1~ and *J*~2~ couplings of equal strength. **g**, **h** The experimental and theoretical magnetic intensity as a function of wave-vector transfer along \[*h*, *h*, −1.69\] and \[*h*, −1.69, 0\] respectively. The data points (blue circles) were measured at an energy transfer *E* = 0.5 meV and temperature *T* \< 0.1 K and were obtained by integrating the data shown in **a**, **b** over the respective shaded regions. The solid lines show the theoretical intensity obtained by performing the same integration through the theoretical simulations shown in **c**, **d**. The theoretical intensity distribution is also shown for another set of exchange interactions represented by their corresponding Curie-Weiss temperature *θ*~CW~ = −37 K (see Fig. [1c](#Fig1){ref-type="fig"}). The calculations in **c**--**h** are corrected for the Cu^2+^ form factor and the error bars in **g**, **h** represent s.e.m.

Magnetic Hamiltonian {#Sec6}
--------------------

Having confirmed that PbCuTe~2~O~6~ exhibits features characteristic of a quantum spin liquid, we now investigate the origins of this behaviour by deriving the exchange interactions. For this purpose, we employ density functional theory (DFT). The resulting values of the interaction strengths are plotted as a function of the onsite interaction *U* in Fig. [1c](#Fig1){ref-type="fig"} for *U* *=* 5.5--8 eV as this range spans the usual values for Cu^2+^. We find that all the interactions are antiferromagnetic. In contrast to previous perturbation theory based DFT calculations where the hyperkagome interaction *J*~2~ was found to be much stronger than the other interactions^[@CR24]^, our significantly better approach of energy mapping within DFT reveals that the two frustrated interactions *J*~1~ and *J*~2~ are of almost equal strength and are significantly stronger than the chain interactions *J*~3~ and *J*~4~. The combined effect of *J*~1~ and *J*~2~ is to couple the Cu^2+^ ions into a highly frustrated three-dimensional network of corner-sharing triangles similar to the hyperkagome lattice (*J*~2~ only) but with a higher density of triangles. In the hyperkagome lattice each magnetic ion participates in two corner-sharing triangles, while in PbCuTe~2~O~6~ each Cu^2+^ ion participates in three triangles resulting in a higher connectivity - we name this lattice the hyper-hyperkagome. An important difference between these two lattices is the size of the smallest possible closed loops (beyond the triangles) around which the spins can resonate. The hyperkagome lattice consists of interconnected loops of 10 spins. The hyper-hyperkagome can also be viewed as interconnected loops, however, with the smallest connecting 4 spins and another consisting of 6 spins. For comparison, the 2D kagome has smallest loops of 6 spins (see Fig. [1a](#Fig1){ref-type="fig"}). As shown in Fig. [1c](#Fig1){ref-type="fig"}, the values of the exchange interactions decrease as the value of *U* increases. For each value of *U* the resulting set of interaction strengths can be used to calculate the Curie-Weiss temperature *θ*~CW~. Since DC susceptibility measurements yield *θ*~CW~ = −22 K^[@CR24],[@CR25]^, we use *U* = 7.5 eV (corresponding to *θ*~CW~ = −23 K) giving interaction sizes *J*~1~ = 1.13 meV, *J*~2~ = 1.07 meV, *J*~3~ = 0.59 meV and *J*~4~ = 0.12 meV ($\documentclass[12pt]{minimal}
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                \begin{document}$$J_1:J_2:J_3 = 0.54:1:0.77$$\end{document}$ given in ref. ^[@CR24]^ (Supplementary Note [6](#MOESM1){ref-type="media"}).

Comparison to theory {#Sec7}
--------------------

To gain further insight into the magnetic behaviour of PbCuTe~2~O~6~, the static susceptibility expected from this set of interactions was calculated using the theoretical technique of pseudo-fermion functional renormalisation group (PFFRG). This method calculates the real part of the static spin susceptibility which corresponds to the energy-integrated neutron scattering cross-section as discussed in the methods section. In agreement with the experimental observations for the powder sample, the susceptibility does not show any sign of long-range magnetic order even down to the lowest temperatures, confirming that static magnetism is suppressed by this Hamiltonian. The momentum resolved susceptibility calculated at *T* = 0.2 K is shown in Fig. [4c, d](#Fig4){ref-type="fig"} for the \[*h*, *k*, 0\]- and \[*h*, *h*, *l*\]--planes respectively. It predicts a diffuse sphere of scattering at the same wave-vectors and with similar intensity modulations as those observed experimentally (Figs. [3e--g](#Fig3){ref-type="fig"} and [4a, b](#Fig4){ref-type="fig"}), and is even able to reproduce the weaker features. The accuracy of the calculations can be further demonstrated by comparing cuts through the data and simulations. As shown in Fig. [4g, h](#Fig4){ref-type="fig"}, the theory reproduces the double maxima as well as the structure of the slopes of these peaks to high precision. We emphasise that this level of agreement has hardly ever been achieved for such a material with many competing interactions on a complicated three-dimensional lattice and in the extreme quantum (spin-$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{2}$$\end{document}$) limit. From a more general viewpoint, it demonstrates that the combination of DFT and PFFRG provides a powerful and flexible numerical framework for the investigation of real quantum magnetic materials. The PFFRG method was also used to test the robustness of the spin liquid state to variations in the Hamiltonian. We find that the ground state shows no tendency toward long-range magnetic order when the ratio of interactions are varied over 0.975 ⩽ *J*~1~/*J*~2~ ⩽ 1.08 (corresponding to −37 K ⩽ *θ*~CW~ ⩽ −21 K) while the momentum-resolved susceptibility changes only slightly (Fig. [4g, h](#Fig4){ref-type="fig"}).

Discussion {#Sec8}
==========

In total, the neutron data and numerical simulations, together with the small spin-$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{2}$$\end{document}$ moments and the isotropic interactions point to the presence of strong quantum fluctuations that destroy long-range magnetic order or any static magnetism in the ground state of PbCuTe~2~O~6~. This is in stark contrast to the previously studied 3D pyrochlore classical spin ice materials with large moments and highly anisotropic interactions, where the magnetic moments are static in the ground state^[@CR14],[@CR15]^. A fluctuating ground state as observed for PbCuTe~2~O~6~ is known to provide the right physical environment for spin fractionalisation associated with deconfined spinon excitations. Such particles are generally observed as a multi-spinon spectrum that is broad and diffuse in momentum and energy. This, in turn, is the type of signal which we independently observed in both inelastic neutron experiments and PFFRG calculations making our quantum spin-liquid interpretation plausible. The issue of whether this is a gapped or gapless quantum spin liquid remains unresolved, however a clear depletion of magnetic states at low-energy suggests that a gap \<0.15 meV could exist.

An important remaining question is why the complex model we propose for PbCuTe~2~O~6~ induces sufficiently strong quantum fluctuations for quantum spin liquid formation. According to common understanding, quantum effects for small spins are particularly strong when the corresponding classical (large spin) model exhibits an infinite ground state degeneracy, as is the case for the kagome or pyrochlore models with isotropic antiferromagnetic interactions. Performing a classical Monte Carlo analysis of our system, we found that the full *J*~1~ − *J*~2~ − *J*~3~ − *J*~4~ model in fact does not exhibit infinite degeneracy for large spin but instead shows long-range magnetic order. However, we have identified an infinite degeneracy in the classical model with only the *J*~1~ and *J*~2~ interactions. From this perspective, the weaker *J*~3~ and *J*~4~ couplings act as perturbations inducing a small energy splitting in the degenerate classical *J*~1~ − *J*~2~ -only system. We, therefore, propose that the strong quantum fluctuations of the full *J*~1~ − *J*~2~ − *J*~3~ − *J*~4~ model with quantum spin-$\documentclass[12pt]{minimal}
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                \begin{document}$$\frac{1}{2}$$\end{document}$ originate from the degeneracy of the classical *J*~1~ − *J*~2~ model. This is supported by PFFRG calculations showing that the correlation profiles of both systems resemble each other (see Fig. [4e](#Fig4){ref-type="fig"}, where the degeneracy of the *J*~1~ − *J*~2~-only classical model manifests as streaks in the \[1, 1, 1\] direction). Finally, the degeneracy in the classical *J*~1~ − *J*~2~ model can be understood from the fact that the hyper-hyperkagome lattice forms a network of corner-sharing triangles. As for the classical antiferromagnetic kagome and pyrochlore lattices, the ground states in such corner-sharing geometries must obey the local constraint that the vector sum of the spins in each triangle or tetrahedron is zero. The large ground-state degeneracy then follows from the fact that there are infinitely many states which fulfil all constraints.

In conclusion, while no experimental technique or theoretical method is able to conclusively prove the existence of a quantum spin liquid we show using a combination of theory and experiment that PbCuTe~2~O~6~ exhibits the measureable features expected of a quantum spin liquid including no detectable static magnetism and the presence of diffuse dispersionless spinon-like excitations. Although PbCuTe~2~O~6~ has a complex Hamiltonian it is clear that the frustration arises from the network of corner-sharing triangles due to the dominant *J*~1~ and *J*~2~ interactions. While this has been explored in the hyperkagome lattice where each spin participates in two corner-sharing triangles giving closed loops of 10 spins^[@CR18]--[@CR20]^, there has until now been little experimental or theoretical exploration of this more highly connected hyper-hyperkagome lattice where each spin participates in three corner-sharing triangles resulting in smaller closed loops of 4 spins. The weaker interaction *J*~3~ which reduces the classical ground state degeneracy has the tendency to bring the quantum system closer to long-range magnetic order and may be the reason why order might be present in the single crystal samples with more impurities where impurities and additional defects could disrupt the frustration. The hyper-hyperkagome lattice has also been found in Co doped *β*-Mn^[@CR30]^. Here the spin is effectively classical and the metallic nature of this material promotes long-range interactions where the ferromagnetic 6th neighbour interaction has a similar strength to the antiferromagnetic *J*~1~ and *J*~2~. The wavevector-dependent scattering has some similarities to PbCuTe~2~O~6~ although with sharper features and can be explained by a model where *J*~6~ ferromagnetically couples the spins into rods which then form competing triangular lattices.

In summary, three-dimensional spin liquids are very rare and current examples are confined mostly to the pyrochlore and hyperkagome lattices, thus our experimental and theoretical results are of high importance because they reveal a distinctly different type of three-dimensional lattice capable of supporting spin liquid behaviour.

Methods {#Sec9}
=======

Neutron scattering measurements {#Sec10}
-------------------------------

Powder neutron diffraction was performed on the time-of-flight diffractometer WISH at the ISIS Facility, Didcot, U.K. The sample (weight 13 g) was placed into a copper can and the diffraction patterns were collected at *T* = 2 K and 0.1 K. The powder inelastic neutron scattering data was obtained at the time-of-flight spectrometer LET also located at the ISIS facility. For these measurements the same powder sample (weight 13 g) was placed between two coaxial copper cans to achieve a cylindrical sample shape, and Helium exchange gas was used for better temperature stability. The measurements were performed at *T* = 0.1 K with incident energies: *E*~*i*~ = 18.2 meV, 5.64 meV, 2.72 meV and 1.59 meV. Single crystal inelastic neutron measurements in the \[*h*, *k*, 0\]--plane were obtained at the ThALES triple-axis spectrometer using the flatcone detector at the ILL, Grenoble, France, and also at the MACS triple-axis spectrometer at NIST, Gaithersburg, USA. Wavevector maps at constant energy were measured on ThALES at *T* = 0.05 K while rotating the crystal in 0.5 deg steps with a fixed final energy of *E*~*f*~ = 4.06 meV giving an energy resolution 0.097 meV. The wavevector resolution in the plots is 0.05 r.l.u × 0.05 r.l.u. At MACS, the initial energy was set to *E*~*i*~ = 4 meV for energy transfer of *E* = 0.75 meV (giving energy resolution of 0.24 meV) and *E*~*i*~ = 5 meV for *E* = 1.5 meV and 2 meV (energy resolution 0.35 meV). The wavevector maps were obtained by rotating the crystal with a step size of 1 deg and the data were plotted by rebinning to 0.04 r.l.u × 0.04 r.l.u pixels. The maps in the \[*h*, *h*, *l*\]--plane were obtained at the LET spectrometer in ISIS at *T* = 0.03 K with incident energies of *E*~*i*~ = 26.24 meV, 5.46 meV, 2.29 meV, 1.25 meV and 0.79 meV. For *E*~*i*~ = 5.46 meV this gives an energy resolution of 0.18 meV.

Density functional theory calculations {#Sec11}
--------------------------------------

We determined the parameters of the Heisenberg Hamiltonian in Eq. ([1](#Equ1){ref-type=""}) for PbCuTe~2~O~6~ using density functional theory (DFT) calculations with the all electron full potential local orbital (FPLO) basis^[@CR31]^. We based our calculations on the structure determined via powder X-ray diffraction by Koteswararao et al.^[@CR24]^. The exchange couplings were extracted by mapping the total energies of many different spin configurations onto the classical energies of the Heisenberg Hamiltonian^[@CR32]^. Note that this approach is different from the second order perturbation theory estimates using $\documentclass[12pt]{minimal}
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                \begin{document}$$J = \frac{{4t^2}}{U}$$\end{document}$ for the exchange interactions reported in ref. ^[@CR24]^ which includes only the antiferromagnetic super-exchange contribution based on one virtual process. In order to increase the number of inequivalent Cu^2+^ ions from one to six and thus to allow for different spin configurations, we lowered the symmetry of the crystal from *P*4~1~32 to *P*2~1~. We converged the total energies with 6 × 6 × 6 **k**-meshes and accounted for the strong electronic correlations using a GGA + *U* exchange correlation functional^[@CR33]^. The value of the Hund's rule coupling was fixed at the typical value *J*~H~ = 1 eV, and the onsite correlation strength *U* was varied between 5.5 eV and 8 eV. We determined the most relevant *U* by using the constraint that the exchange couplings reproduce the experimentally determined Curie--Weiss temperature of *θ*~CW~ = −22 K^[@CR24],[@CR25]^. This led to a DFT result for the first four exchange couplings of PbCuTe~2~O~6~ of *J*~1~ = 1.13 meV, *J*~2~ = 1.07 meV, *J*~3~ = 0.59 meV and *J*~4~ = 0.12 meV. The full results are given in the Supplementary Note [6](#MOESM1){ref-type="media"}.

Pseudofermion functional renormalisation group calculations {#Sec12}
-----------------------------------------------------------

The microscopic spin model proposed by DFT calculations is treated within the PFFRG approach^[@CR34],[@CR35]^, which first reformulates the original spin operators in terms of Abrikosov fermions. The resulting fermionic model is then explored within the well-developed FRG framework^[@CR36],[@CR37]^. Effectively, the PFFRG method amounts to generating and summing up a large number of fermionic Feynman diagrams, each representing a spin-spin interaction process that contributes to the magnetic susceptibility. In terms of the original spin degrees of freedom, this summation corresponds to a simultaneous expansion in 1/*S* and 1/*N*, where *S* is the spin magnitude and *N* generalises the symmetry group of the spins from SU(2) to SU(*N*). The exactness of the PFFRG in the limits 1/*S* → 0 and 1/*N* → 0 ensures that magnetically ordered states (typically obtained at large *S*) and non-magnetic spin liquids (favoured at large *N*) can both be faithfully described within the same numerical framework. Particularly, due to this property, no bias towards either magnetic order or non-magnetic behaviour is built-in. In principle, the PFFRG treats an infinitely large lattice, however, spin--spin correlations are only taken into account up to a certain distance while longer range correlations are put to zero. The computation times of the PFFRG scale quadratically with the correlated volume, which in our calculations comprises 2139 lattice sites (this corresponds to correlations up to a distance of ≈10 nearest-neighbour distances). Likewise, continuous frequency variables (such as the dynamics of the magnetic susceptibility) are approximated by a finite and discrete frequency grid, which leads to a quartic scaling of the computational effort in the number of grid points. In our calculations we use 64 discrete frequencies. The central outcome of the PFFRG approach is the real part of the static and momentum-resolved magnetic susceptibility which can be directly related to the experimental neutron scattering cross-section *S*(**Q**, *E*) through the Kramers--Kronig relation as follows:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\chi _{{\mathrm{real}}}({\mathbf{Q}},0) \propto {\int} {\frac{{\chi _{{\mathrm{img}}}({\mathbf{Q}},E)}}{E}} {\mathrm{d}}E$$\end{document}$$where, $\documentclass[12pt]{minimal}
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                \begin{document}$$S({\mathbf{Q}},E) \propto \chi _{{\mathrm{img}}}({\mathbf{Q}},E)$$\end{document}$ at very low temperatures.

Equation ([2](#Equ2){ref-type=""}) implies that ideally PFFRG should be compared to the integral of the experimental data weighted by the inverse energy. However, it is clear from this equation that the PFFRG is dominated by the low-energy part of the neutron structure factor due to the factor of 1/*E* in the integrand. As show in Fig. [3b](#Fig3){ref-type="fig"}, the intensity of the excitation spectrum is maximum at *E* \~ 0.5 meV and decreases continuously towards smaller energy transfers. Since the excitations evolve only weakly with energy, we choose the *E* = 0.5 meV dataset for comparison to the PFFRG results since it has the strongest signal.

If a magnetic system develops magnetic order, the spin susceptibility $\documentclass[12pt]{minimal}
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                \begin{document}$$\chi _{{\mathrm{real}}}({\mathbf{Q}},0)$$\end{document}$ manifests in a breakdown of the renormalisation group flow, accompanied by distinct peaks. An important advantage of the PFFRG is that even in strongly fluctuating non-ordered magnetic phases, short-range spin correlations and their momentum profiles can be accurately calculated and compared to neutron scattering results. For consistency, the PFFRG spin susceptibility is corrected for the magnetic form factor of the Cu^2+^ ion in the dipole approximation^[@CR38]^.

Classical simulations {#Sec13}
---------------------

For the numerical treatment of spin systems in the classical limit *S* → ∞ we have employed a spin-*S* generalisation of the PFFRG approach. On a technical level, this requires the introduction of 4*S* fermionic degrees of freedom per lattice site as discussed in ref. ^[@CR39]^. In the classical limit, the PFFRG equations can be solved analytically to obtain the momentum-resolved magnetic susceptibility. It can be shown that the classical wave vector at which the susceptibility is strongly peaked is identical to the one predicted within the Luttinger--Tisza method^[@CR40]^. The final susceptibility is corrected for the Cu^2+^ magnetic form factor in the dipole approximation.
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